CEL-III is a Ca
2þ -dependent, galactose/N-acetylgalactosamine (GalNAc)-specific lectin purified from the marine invertebrate Cucumaria echinata.
1) It exhibits strong hemolytic activity toward human and rabbit erythrocytes, 2) cytotoxicity toward some cultured cell lines, 3, 4) and anti-malarial activity. 5) The hemolysis is caused by ion-permeable pores that are formed by the CEL-III oligomer in the target cell membrane. CEL-III is composed of 432 amino acid residues with a molecular weight of 47,457 Da, and consists of two carbohydrate-recognition domains (CRDs, CRD1 and CRD2), and one pore formation (oligomerization) domain according to cDNA cloning and X-ray crystallographic analysis. [6] [7] [8] The basic structure of the CRDs of CEL-III is similar to those of ricin-type (R-type) lectins such as a plant toxic lectin, ricin B-chain, whose domains contain -trefoil folds and are divided into subdomains (1, 1 , 1, 2, 2, and 2). However, CEL-III contains five Ca 2þ in subdomains 1, 1, 2, 2, and 2, whereas ricin B-chain does not. These calcium ions are directly involved in the carbohydrate binding of CEL-III and play a role in stabilization of the protein. 9, 10) The pore formation (oligomerization) domain contains twohelices and one -sandwich structure that is composed of eight -strands. The -helices of CEL-III have several hydrophobic amino acid residues, including two valine clusters, and the -helices are critical to the selfoligomerization and hemolytic activity of CEL-III. 11, 12) To date, it appears that the purified CEL-III protein is composed of a mixture of isolectins judging from the results of protein sequencing for cDNA cloning and Xray crystallography 6, 8) However, they could not be separated and purified by column chromatography to determine structures and the properties. In the present study, we attempted cDNA cloning of CEL-III isolectins using mRNA extracted from an individual of C. echinata, and functional expression using Escherichia coli and insect cells, to characterize the recombinant CEL-III isolectins.
Materials and Methods
Materials. The CEL-III protein purified from C. echinata (authentic CEL-III) was obtained as previously described. 1) Restriction enzymes were purchased from Fermentas, Glen Burnie, MD. All other chemicals were of analytical grade for biochemical use.
cDNA cloning of CEL-III isolectin genes. A single body of C. echinata was ground to a powder with a pestle under liquid nitrogen, and total RNA from C. echinata was prepared using an SV Total RNA Isolation System Kit (Promega, Madison, WI).
Cloning of the 5 0 -terminal region of the CEL-III isolectin cDNAs was done using a 5 0 -Full RACE Core Set (Takara Bio, Ohtsu) following the supplier's instructions. Briefly, first-strand cDNA was synthesized with CEL-III specific primer 5 0 -TTCTGGATACAGGTA-3 0 , which was constructed from the nucleotide sequence of CEL-III cDNA 6) using AMV Reverse Transcriptase XL. After degradation of the RNA in the reaction mixture with RNase H at 30 C for 1 h, the resulting cDNA was ligated with ligation primer 5 0 -GTAGGAATTC-GGGTTGTAGGGAGGTCGACATTGCC-3 0 by RNA ligase. PCR was performed using the ligated DNA as template and primer sets F1, 5 0 -GGCAATGTCGACCTCCCTACAAC-3 0 and B1 (CEL-III specific primer 1), 5 0 -GACATCACATTTGCGTTCCCAC-3 0 for the first PCR, and primer sets F2, 5 0 -CTCCCTACAACCCGAATTCCTAC-3 0 and B2 (CEL-III specific primer 2), 5-CCTAGCTTCATTGCGAATGGTC-3 0 for the second PCR. The PCR products were resolved by agarose gel electrophoresis and recovered. The partial gene fragment of CEL-III thus obtained was subcolned into pGEM-T Easy Vector (Promega). The nucleotide sequence was determined by the dideoxy chain termination method using a BigDye Terminator v3.1 Cycle Sequencing Ready Reaction Kit and automated DNA sequencer ABI prism 3100 (Applied Biosystems Japan, Tokyo).
First-strand cDNA was synthesized with a PrimeScript 1st strand cDNA Synthesis Kit (Takara Bio) according to the manufacturer's protocol. 3 0 -RACE was performed using 1st PCR primer sets, F3, 5 0 -TCAAGTGCACGAGGTCTAATA-3 0 and B3, 5 0 -GGCCACGCGTC-GACTAGTAC-3 0 , and 2nd PCR primer sets, F4, 5 0 -TAACGAGGA-TTGCACTTTCTGCACGG-3 0 and B3. Cloning of the full-length cDNAs of CEL-III isolectins was carried out by the PCR method using KOD-plus-DNA polymerase (Toyobo, Osaka) and specific primer sets F3 and B4, 5
0 -AAATCGAT-GATGTTGGTTTTTCG-3 0 , followed by F4 and B5, 5 0 -GAATGTCA-CACTGTATACTGAATTTGC-3 0 , or F3 and B6, 5 0 -CTGAATGTCA-CACCGTATTGGC-3 0 , followed by F4 and B7, 5 0 -AGACTGAG-TTTTCTAATATGTTAAATGG-3 0 . The amplified CEL-III isolectin cDNAs were electrophoresed, purified, and subcloned into pGEM-T Easy Vector, and we determined the nucleotide sequences. The putative signal sequence was predicted by SignalP 3.0 Server (http: //www.cbs.dtu.dk/services/SignalP/).
Expression of recombinant isolctins of CEL-III in E. coli cells.
Genes encoding the mature regions (Gln1-Ile432) of the CEL-III isolectins were amplified by the PCR method using the specific primers with the restriction sites of NdeI or XhoI and a plasmid including the isolectin gene or a single-stranded cDNA synthesized from C. echinata RNA as template. Amplified cDNAs were ligated with pGEM-T Easy Vector. After validation of nucleotide sequences, the plasmids were digested with NdeI and XhoI, and the CEL-III genes were ligated into expression vector pET-22b (Merck Japan, Tokyo). BL21 CodonPlus (DE3) RIL strain (Stratagene, La Jolla, CA) harboring the expression plasmid was cultured in 1 L of LB medium containing 50 mg/mL of ampicillin, and the recombinant protein was induced with 1 mM IPTG over 4 h at 37 C. After incubation, the E. coli cells were harvested and disrupted by sonication. Since the recombinant proteins were obtained as inclusion bodies, they were dissolved in solubilization buffer (50 mM Tris-HCl pH 8.0, 1 mM EDTA, and 6 M guanidine hydrochroride) and incubated overnight at 4 C. After small amounts of 2-mercaptoethanol (600 times mol of CEL-III) were added, the protein solutions were stirred gently for 4 h and then diluted by adding refolding buffer (0.1 M Tris-HCl pH 8.0, 0.4 M L-arginine hydrochrolide, 2 mM EDTA, 10 mM CaCl 2 , 5 mM reduced glutathione, 0.5 mM oxidized glutathione, and 0.1 mM phenylmethylsulfonyl fluoride) into 30 mg/mL of protein concentration for 48 h at 4 C. 13, 14) The refolded recombinant CEL-III (rCEL-III) isolectin proteins were purified by lactosyl-cellulofine column chromatography and gel filtration chromatography, as previously reported.
2)
Insect cell culture. Spodoptera frugiperda (Sf9) cells were purchased from Merck Japan and routinely propagated as a monolayer culture at 27 C with BacVector Insect Cell Medium (Merck Japan).
Construction of transfer plasmids. Mature CEL-III DNA was amplified using Ex Taq DNA polymerase (Takara Bio). The amplified CEL-III DNA fragment was ligated into pGEM-T Easy Vector (Promega), and we confirmed the nucleotide sequence. After digestion with BglII and XhoI, CEL-III DNA was inserted into BamHI and XhoI digested pBACgus-scFv, 15) which contains the first 21 codons of the melittin gene signal sequence (5 0 -AGATCTACGCGTATGAAATTCT-TAGTCAACGTTGCCCTTGTTTTTATGGTCGTATACATTTCTTA-CATCTATGCGGGATCCGGAAATAAAACGGGGCCCAGGGGGC-CCCGCGGCCGC-3 0 , melittin gene signal underlined and newly created BglII, BamHI, SfiI and NotI sites in italics.) in BamHI/NotI digested pBACgus-1 (Merck Japan). The resulting transfer plasmid was designated pBACgus-CEL-III.
Expression and purification of recombinant CEL-III in insect cells. Sf9 cells were co-transfected with pBACgus-CEL-III and BacVector-2000 Triple Cut Virus DNA (Merck Japan) using Insect GeneJuice Transfection Reagent (Merck Japan). Recombinant plaques were identified and purified by plaque assay following the protocol supplied with the BacVector-2000 Transfection Kit (Merck Japan).
For the expression of rCEL-III, 4 Â 10 8 Sf9 cells in 10 mL of BacVector Insect Cell Medium were incubated with the recombinant baculovirus at a multiplicity of infection (MOI) of 1.0 pfu/cell at 27 C for 1 h. After incubation, the numbers of cells were adjusted to 5 Â 10 5 cells/mL and the 2:5 Â 10 6 cells were seeded and incubated in BacVector Insect Cell Medium with a 150-mm tissue culture dish. At 120 h post-infection, the culture medium (1 liter) was collected and centrifuged.
The culture medium containing rCEL-III was applied directly to a lactosyl-cellulofine column (0:8 Â 4:5 cm) equilibrated with 10 mM Tris-HCl buffer pH 7.5 containing 150 mM NaCl and 10 mM CaCl 2 (TBS-Ca 2þ ), and the adsorbed protein was eluted with 10 mM TBS containing 100 mM lactose (TBS-lactose) and 10 mM TBS containing 10 mM EDTA (TBS-EDTA). The fractions containing rCEL-III were recovered and dialyzed against TBS-Ca 2þ . Then the purified rCEL-III was stored at À80 C until use. The amount of purified rCEL-III was estimated using a BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA) with bovine serum albumin (BSA) as standard.
SDS-PAGE and immunoblot analysis. SDS-PAGE was carried out on a 15% polyacrylamide gel as described by Laemmli. 16) Immunoblot analysis was performed using mouse anti-CEL-III antiserum, as described previously.
2) Precision plus protein dual color standards (Bio-Rad, Hercules CA) were used as molecular marker.
Measurement of hemolytic activity toward rabbit erythrocytes.
Hemolytic activity was investigated in 10 mM sodium borate buffer pH 9.0 containing 150 mM NaCl and 10 mM CaCl 2 (BBS-Ca 2þ ) by measurement of hemoglobin release from rabbit erythrocytes using the absorbance at 540 nm, as previously described.
2)
Kinetic analysis of the interaction of rCEL-III with asialofetuin. The interaction of rCEL-III and authentic CEL-III with asialofetuin was analyzed by the surface plasmon resonance method using the Biacore X System (GE Healthcare Japan, Tokyo). For immobilization on the sensor chip, carboxymethylated dextrancoated sensor chip CM5 (GE Healthcare Japan) was activated with N-hydroxysuccinimide/N-ethyl-N 0 -dimethylaminopropyl carbodiimide, and asialofetuin from fetal calf serum type I (Sigma, St. Louis, MO) in 10 mM Na-acetate buffer pH 5.0 was immobilized to give about 2,300 resonance units (RUs). The unreacted activated groups on the sensor chip were blocked with 1 M ethanolamine. A control channel was treated in the same manner without ligand (asialofetuin) injection.
One hundred mL of recombinant CEL-III isolectins or authentic CEL-III solutions (1 mM) was injected into the flow cell at a flow rate of 20 mL/min using a running buffer (TBS-Ca 2þ ). The sensor surface was regenerated with 10 mM EDTA/100 mM lactose solution. Kinetic parameters (k on , k off , and K D ) were calculated by fitting the data using BIAevaluation 4.1 software (GE Healthcare Japan).
Oligomerization of rCEL-III on erythrocyte membranes. Detection of oligomer of rCEL-III isolectins was done by SDS-PAGE and immunoblotting, as previously described. 17) Briefly, 300 mL of 1% rabbit erythrocyte suspension in 15 mM sodium tetraborate pH 9.0, 150 mM NaCl, and 10 mM CaCl 2 was added to 150 mL of rCEL-III or authentic CEL-III solution (final concentration, 0.103 mg/mL), and this was incubated for 15 min at 20 C. After centrifugation, the pellet (erythrocyte ghost) was washed twice with TBS-EDTA. The membrane fraction thus obtained was solubilized with SDS-PAGE sample buffer containing 1% SDS and subjected to SDS-PAGE (5% gel). The proteins were transferred from the gel to a nitrocellulose membrane and reacted with anti-CEL-III antiserum following with rabbit anti mouse IgG conjugated with horseradish peroxidase. Specific protein bands were visualized by the addition of a peroxidase substrate solution, 100 mM Tris-HCl pH 7.5, containing 0.5 mg/mL of 3,3 0 -diaminobenzidine tetrahydrochloride, 0.3% H 2 O 2 , and 50 mM imidazole.
Results and Discussion
cDNA cloning of isolectin genes of CEL-III To obtain information on the nucleotide sequences of CEL-III isolectin genes, 5 0 -and 3 0 -RACE were done using CEL-III gene-specific primers and total RNA isolated from a single body of C. echinata. On 3 0 -RACE, two specific cDNA fragments (280 and 500 bp) were amplified, and a single band (500 bp) was amplified on 5 0 -RACE (data not shown). Nucleotide sequence analysis suggested that at least four independent CEL-III isolectin genes of lengths different from 3 0 -UTR (long and short types) were present in C. echinata.
In order to determine the nucleotide sequences of the full-length cDNAs of the CEL-III isolectin genes, four specific back primers (B3 and B4 for long type cDNA, and B5 and B6 for short type cDNA) and two forward primers (F3 and F4) were designed on the basis of the common nucleotide sequences of 3 0 and 5 0 -UTR, and RT-PCR was done using a proofreading DNA polymerase, KOD-plus-DNA polymerase. After the second PCR with F3-B4 or F3-B6 primers, two PCR products, about 1,720 (long type) and 1,580 bp (short type) were amplified and the nucleotide sequences were determined. From nucleotide sequence analysis of more than 10 clones, two short-type and two long-type CEL-III isolectin genes were identified, and were designated The amino acid sequences of the CEL-III isolectins, S1, S2, L1, L2, and LS1, are aligned. CEL-III-Cry indicates the amino acid sequence of CEL-III assigned by crystal structure.
8) The putative signal sequence is indicated in bold. Amino acid residues involved in binding to Ca 2þ and carbohydrate are enclosed in boxes. Two -helical regions of CEL-III are enclosed in dotted boxes. The (Q-X-W) 3 CEL-III-S1 (DDBJ accession no. AB626733), and CEL-III-S2 (AB626734) for the short type, and CEL-III-L1 (AB626735), and CEL-III-L2 (AB626736) for the long type. Although the length of 3 0 -UTR was different between short types and long types, all the CEL-III isolectin genes encoded polypeptides of 460 amino acid residues with a possible signal sequence of 28 amino acid residues (Fig. 1) . In a previous report, it was predicted that CEL-III has an N-terminal additional sequence of 10 amino acid residues.
6) An analysis of the nucleotide sequences of 5 0 -UTR of the CEL-III isolectin genes indicated that another ATG codon was present 57 bp upstream of the initial ATG codon previously reported. The deduced N-terminal amino acid sequence showed a classical signal sequence that has charged residues very near the N-terminus followed by a long stretch of hydrophobic amino acids and ends with an amino acid possessing a small side chain. 19) Furthermore, this was confirmed by the prediction results of the SignalP 3.0 server (http://www.cbs.dtu.dk/services/SignalP/), which predicts the presence and location of signal peptide cleavage sites in amino acid sequences.
Another type of CEL-III isolectin genes was identified during the construction of the expression system of recombinant CEL-III. PCR using specific expression primers and a single-stranded cDNA synthesized from C. echinata RNA as template was performed, as described in ''Materials and Methods,'' and amplified products were subcloned and sequenced. Thus, a novel isolectin gene, named CEL-III-LS1 (DDBJ accession no. AB626737), which encoded a polypeptide of amino acid sequence different from the known isolectins, CEL-III-L1, L2, S1, and S2, was identified (Fig. 1) . We could not determine the nucleotide sequences of 5 0 -and 3 0 -UTR of CEL-III-LS1 were not able to because the regions were almost identical to those of other isolectins.
Among the five isolectin cDNA sequences, there were no isolectins showing entirely the same sequence as the crystal structure of CEL-III (CEL-III-Cry). A comparison of the amino acid sequences of the mature regions between the CEL-III isolectins, CEL-III-L1, L2, S1, S2, and LS1, revealed that they were 94.0-99.8% identical in amino acid residues (Fig. 1) . The sequence of CEL-III-Cry was similar to both the long type and the short type CEL-III. (Q-X-W) 3 motifs have been observed in -trefoil fold proteins such as R-type lectins, and are thought to function as carbohydrate binding modules. 18) To date, it has been found that Q-X-W/I/F sequences are present in CEL-III-Cry. The Q-X-W/I/F sequences were completely conserved among the CEL-III isolectins. On the other hand, the replacement of 26 amino acid residues was observed between CEL-III isolectins and crystal structure. Among these, several amino acid residues that are directly involved in carbohydrate recognition or are positioned in the -helix region (312-357) were changed, and the amino acid residues were replaced as follows: Y36H (in CEL-III-L1, S1, S2, and LS1), I122V (in S1, S2, and LS1), Q137D (in L1 and L2), T340S (in L1 and L2), T340E (in S1, S2, and LS1), S342G (in S1, S2, and LS1), and T346S (in S1, S2, and LS1). Tyr36 in subdomain 1 of CEL-III-Cry formed a carbohydrate binding site with Asp23, Ile24, Gly26, Asp39, and Asp43 (Fig. 2) . The role of Tyr36, which was conserved only in CEL-III-L2, showed stacking interaction with a specific sugar. 9) Since replacement of the aromatic amino acid residues of ricin B-chain that contribute to the stacking interaction affects carbohydrate specificity, 20) replacement of Tyr36 with His might influence the carbohydrate specificity of CEL-III isolectins. On the other hand, the -helix region (312-357), which contains the Val clusters, is critical for self-oligomerization and pore-forming.
11) However, replacement of amino acid residues (T340, S342, and T346) was observed in a loop connected with -helix H8 and H9, and the hydrophobicity of the region might not be affected by replacement. Hence, it was concluded that the influence on hemolytic activity by the replacement may be slight.
Expression, refolding, and purification of CEL-III isolectins
To investigate the properties of the CEL-III isolectin proteins, recombinant CEL-III-S1, S2, L1, L2, and LS1 proteins were produced in E. coli cells. CEL-III isolectin genes were cloned separately into expression vector pET-22b and introduced into E. coli BL21 CodonPlus (DE3) RIL strain cells. Although expression of the recombinant protein was not confirmed by SDS-PAGE, immunoblot analysis indicated that recombinant CEL-III (rCEL-III) isolectin proteins were expressed in the insoluble fraction of the IPTG-induced E. coli cells (Fig. 3a and b) . Hence the inclusion bodies were recovered and dissolved in 6 M guanidine hydrochloride. The rCEL-III isolectin proteins were refolded by the dilution method using refolding buffer containing Larginine hydrochloride, reduced glutathione, and oxi- dized glutathione. The protein solutions were subjected to affinity chromatography on a lactosyl-cellulofine column, and the adsorbed protein was eluted with 100 mM lactose (Fig. 4a) . Since a high molecular rCEL-III oligomer was detected, the eluate was concentrated and subjected to gel filtration chromatography on a Sephacryl S-300 (Fig. 4b) . SDS-PAGE suggested that rCEL-III was eluted in the second peak, and the fractions were recovered. The yields of the rCEL-III isolectins, rCEL-III-S1, rCEL-III-S2, rCEL-III-L1, and rCEL-III-L2, thus obtained were 3.29 mg, 3.23 mg, 0.530 mg, and 0.904 mg respectively from 1 liter of culture medium, but the yield of CEL-III-LS1 was extremely low (<0:05 mg) due to the low level of expression in E. coli cells (data not shown).
Expression and purification of recombinant CEL-III-LS1 using a baculovirus expression system
In order to obtain rCEL-III-LS1 protein, an insect cell-baculovirus expression system of rCEL-III was constructed. Sf9 insect cells were infected with a recombinant baculovirus, AcNPV-CEL-III-LS1, constructed using a transfer plasmid, pBACgus-CEL-III-LS1 at MOI 1.0. After incubation for 5 d, recombinant CEL-III-LS1 was detected in the culture medium and the cells (Fig. 3a and b) . One liter of culture medium was applied directly to a lactosyl-cellulofine column, and the adsorbed proteins were eluted with TBS-lactose (Fig. 4c) . Since rCEL-III-LS1 was detected in the fractions eluted with TBS-lactose, they were recovered and dialyzed. The yield of purified CEL-III-LS1 from 1 liter of culture medium was 0.918 mg.
Hemolytic activities of recombinant CEL-III isolectins toward rabbit erythrocytes
To characterize the properties of CEL-III isolectins, hemolytic activities toward rabbit erythrocytes were investigated (Fig. 5) . All the rCEL-III isolectins showed lower hemolytic activities than authentic CEL-III. Judging by the concentrations that induced 50% hemolysis, the relative hemolytic activities of rCEL-III-L1, S1, S2, and LS1 were about 4-7% of authentic CEL-III (Table 1) . However, rCEL-III-L2 showed higher hemolytic activity (19 Recombinant CEL-III-S1 expressed in E. coli cells was purified by lactosyl-cellulofine column chromatography (a) and Sephacryl S-300 column chromatography (b). rCEL-III-S2, L1 and L2 were purified by the same procedures. Recombinant CEL-III-LS1 expressed in insect cells was purified by lactosyl-cellulofine column chromatography (c). Elution of the adsorbed proteins on lactosylcellulofine column chromatography was performed by the addition of 100 mM lactose. The pooled fractions are shown by horizontal bars. The insets in (b) and (c) show SDS-PAGE of the rCEL-III isolectins. Lane 1, authentic CEL-III; lane 2, purified rCEL-III-S1 and LS1.
Hisamatsu et al. constructed an expression system for CEL-III, the amino acid sequence of which was identical to CEL-III-Cry in E. coli cells. 13) Although they demonstrated an effective refolding method for CEL-III-Cry using CaCl 2 , the relative hemolytic activity of the recombinant CEL-III-Cry was only 10% of that of authentic CEL-III. The relative hemolytic activity of CEL-III-L2 was 2 times stronger than that of recombinant CEL-III-Cry. These results suggest that the various CEL-III isolectins had a hemolytic activities of various strength.
Kinetic analysis of carbohydrate binding activity The first step in hemolysis by CEL-III is the binding of CEL-III to specific carbohydrate chains on erythrocyte membranes. To clarify the relationship between the carbohydrate binding activities and the hemolytic activities of CEL-III isolectins, the interaction of rCEL-III isolectins with carbohydrate chain was quantitatively investigated by surface plasmon resonance analysis. Figure 6 shows sensorgrams of the association and dissociation of the interaction of the rCEL-III isolectins with asialofetuin. The total amount of binding of authentic CEL-III to asialofetuin (about 1,100 RU) were much greater than those of the rCEL-III isolectins (100-400 RU). The association rate constant (k on ), dissociation rate constant (k off ) and dissociation constant (K D ) values calculated from the curves of the sensorgrams are shown in Table 1 between the decrease in hemolytic activity and the increase in K D values. This suggests that the differences in hemolytic activities among rCEL-III isolectins is caused by other factors, such as self-oligomerization ability.
Oligomerization of rCEL-III isolectins on rabbit erythrocyte membranes
In the process of hemolysis by CEL-III, oligomerization of CEL-III is one of essential steps. Since the CEL-III oligomer (about 270 kDa, a hexamer) on erythrocyte membranes can be detected by immunoblot analysis, the oligomerization capacity of rCEL-III isolectins was investigated. Authentic CEL-III gave a thick band of the oligomer (270 kDa) (Fig. 7) , while oligomers of CEL-III isolectins gave smear and lower bands. Among these, only the rCEL-III-L2 oligomer showed an obvious band although the amount was less than that of authentic CEL-III. This is consistent with the observation that rCEL-III-L2 showed the strongest hemolytic activity among the isolectins (Fig. 5) .
Among the amino acid residues involved in binding to the Ca 2þ and the carbohydrate of the CEL-III isolectins, CEL-III-L2 was unique in that it had a tyrosine residue at the 36th. Tyr36 of CEL-III-L2 was replaced by His36 in the other isolectins. In an earlier experiment, mutation analysis of thioredoxin-tagged CRD1 of CEL-III that replaced Tyr36 with Ala showed reduced binding activity in the GalNAc-cellulofine column, suggesting that stacking interaction between Tyr-36 and GalNAc plays a supporting role in stabilizing carbohydrate binding. 9) Although the total affinity (avidity) of CEL-III-L2 for carbohydrate chains of asialofetuin did not change compared with the other isolectins (Table 1) , it is probable that subdomain 1 of CEL-III-L2 had a higher affinity for carbohydrate chains than those of the other isolectins. Furthermore, the binding of a specific carbohydrate to the 1 carbohydrate binding site formed by Tyr36 and the other amino acid residues (or subdomain 1) might be more important in selfoligomerization on erythrocyte membranes and the expression of hemolytic activity than binding to other subdomains. To investigate these matters further, we intend to try mutagenic analysis of the amino acid residues involved in binding to Ca 2þ and carbohydrate of CRD1. This information should provide fresh insight into of the mechanism of hemolysis by CEL-III. 
